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ABSTRACT 
 
A nonlinear finite element analysis was carried out to investigate the viscoplastic 
deformation of solder joints in a ball grid array (BGA) package under temperature cycle. 
The effects of constraint on print circuit board (PCB) and stiffness of substrate on the 
deformation behaviour of the solder joints were also studied. A relative damage stress 
was adopted to analyze the potential failure sites in the solder joints. The results indicated 
that high inelastic strain and strain energy density were developed in the joints close to 
the package center. On the other hand, high constraint and high relative damage stress 
were associated with the joint closest to the edge of the silicon chip. The joint closest to 
the edge of the silicon chip was regarded as the most susceptible failure site if cavitation 
instability is the dominant failure mechanism. Increase the external constraint on the print 
circuit board (PCB) causes a slight increase in stress triaxiality (σm/σeq) and relative 
damage stress in the joint closest to the edge of silicon die. The relative damage stress is 
not sensitive to the Young’s modulus of the substrate.  
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1. Introduction 
 
 
The application of ball grid array (BGA) technology in electronic packaging on high I/O 
plastic and ceramic packages has grown significantly during the past years. Regardless of 
its improved thermal fatigue performance over the last decade, BGA solder joint may still 
pose a reliability issue under harsh environment, such as large temperature gradient. The 
reliability of a BGA package is strongly influenced by the thermo-mechanical stresses 
developed in the system because the extreme mismatch in the coefficient of thermal 
expansion (CTE) between the silicon die, solder alloy and substrate materials. It is 
therefore critical to understand the viscoplastic deformation of solder joint during 
temperature cycle and to predict the potential failure sites in a package. Strain energy 
density criterion has been employed to predict the potential failure sites in BGA packages 
[1]. Attention was also paid to the effects of thermal loads and composition of solder 
alloys on evolution of thermal stress and strain in BGA packages [2-3]. Investigations 
showed that the failure mechanism for solder joints subjected to thermal cycles was void 
nucleation and growth [4-5]. Recent progress in ductile fracture [6-7] revealed that 
constraint played a very important role in void nucleation and propagation. 
Unfortunately, very few investigations have been carried out to study the effects of 
constraint on failure mechanism in solder joints. 
 
In this paper, a nonlinear finite element model is used to study the viscoplastic 
deformation of solder joints in a plastic BGA package under temperature cycle for 
different solder alloys. The effects of stiffness of substrate and external constraint 
conditions on print circuit board (PCB) were also investigated. 
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2. Finite element modelling 
 
 
2.1 BGA package 
 
 
In this study, a typical full matrix plastic BGA package was analyzed. The dimension of 
the package is the same as that in Jung et al [1]. The schematic showing the diagonal 
cross section view is shown in Fig. 1. The silicon chip is mounted on a bismaleimide-
triazine-typ (BT) substrate and encapsulated with an epoxy molding compound. The 
substrate materials then connected with the PCB with solder joints. The ball diameter of 
the solder joint is 0.71mm with a height of 0.36mm. Two conventional solder alloys were 
analyzed. One is 60Sn40Pb and another is lead-free alloy, i.e., 96.5Sn3.5Ag. The elastic 
properties and thermal expansion coefficient of the materials are listed in Table 1. The 
properties for the silicon die and molding compound are based on the work of Jung et al 
[1]. The properties of the PCB are from Hong and Burrell [3]. The orthotropic properties 
of the substrate (BT) are due to the study of Moore and Jarvis [8]. The elastic and thermal 
properties of the solder alloys are based on Lau [9].  
 
2.2 Thermal load 
 
Fig. 2 shows the temperature cycle profile used in the study. The temperature range is 
from –55oC to 125oC. The holding time is 15mins at both the high and low temperature 
shelves. The total loading time is 5 hours.  
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2.3 Constitute behaviour of materials 
 
In this study, isotropic thermoviscoplasticity is introduced for modeling the response of 
rate independent plastic and time dependent creep deformation. The multiaxial stress-
strain relation is given by 
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where the total strain rate tensor is the sum of the elastic, plastic, creep and thermal strain 
rate tensor, respectively. To describe the time-dependent creep behaviour of the solder 
alloys, the hyperbolic sine law is used to relate the steady state creep rate to stress and 
temperature during the thermal loading. This yields the creep strain rate tensor as  
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where ε  and σ are the uniaxial equivalent creep strain rate and equivalent deviatoric 
stress, respectively. A, B, n are material constants. ∆H and R are activation energy and 
universal gas constant, respectively. All material constants in Eq.2 are given in Lau [9].  
 
2.4 Numerical simulations 
 
 
The thermal loading, as shown in the Fig. 2 was applied to the package. The initial 
temperature was 25oC. Large deformation finite element analysis was carried out with 
finite element code ABAQUS (Version 6.2). Only one-half of the package was modeled 
due to symmetry. To simplify the analysis, only four solder joints beneath the substrate 
were considered, the finite element model is shown in Fig. 3(a). According to previous 
research, these joints are regarded as in the critical locations in terms of thermal stress 
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and strain [1, 10]. Plane strain condition was assumed and the model contains about 
13,000 four-node quadrature elements. To investigate the effect of substrate stiffness on 
the stress-strain distributions in the package, besides the Young’s modulus listed in Table 
1 for the BT, a low (E=10GPa) and a high (E=30GPa) Young’s modulus were assumed 
for the substrate in the simulation of the 60Sn40Pb solder joints. For most analyses the 
boundary condition was set to allow the PCB board moving at both X and Y directions 
(Fig. 3a). Another more restricted boundary condition in which PCB can only displace in 
horizontal (X) direction was also applied in the modeling for the 60Sn40Pb solder joint to 
elucidate some lights into the effect of external constraint on the thermal deformation of 
the solder joints.     
 
3. Results and discussion 
 
 
3.1 Stress-strain distributions and potential failure sites 
 
 
The finite element simulations show that at a given temperature high stress and strain are 
mainly observed in the element 4291 (EL4291) of the central joint of the package (joint 
A) and the element 4700 (EL4700) in the joint just under the edge of the silicon die (joint 
C), as shown in Fig. 3(b). Therefore, the results for the above two elements were 
extracted and reported in this paper. Fig. 4 gives the variation of inelastic strain (creep 
and plastic) for the EL291 and EL4700 subjected to five cycles of the cyclic temperature 
load. The inelastic strain is accumulated with increasing the temperature cycle. The 
inelastic strain in the EL4291 is higher than that in EL4700 for both the 60Sn40Pb and 
96.5Sn3.5Ag alloys. The joint with 96.6Sn3.6Ag alloy has a higher inelastic strain as 
compared to the joints with 60Sn40Pb alloy. The same trend was observed for the 
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variation of inelastic strain energy density with the temperature cycle, as shown in Fig. 5. 
Fig. 6 shows the distribution of shear stress in the two elements. It can be seen that a 
similar distribution can be observed in both the EL4291 and EL4700 for both the 
60Sn40Pb and 96.5Sn3.5Ag alloys. In other words, the shear stress is not sensitive to the 
location of the joints and the alloy compositions used in this study. Coffin-Manson 
relationship for low-cycle fatigue [11] has been widely borrowed for life prediction in 
solder joints where the cyclic plastic strain is the most critical parameter. On the other 
hand, strain energy density has been used as another failure criterion [1, 12].  Akay, 
Paydar and Bilgic [13] indicated that strain energy criterion was more accurate than the 
maximum strain range criterion for fatigue life prediction. According to Figs. 4 and 5, it 
seems that the joint in the center of the package is the most susceptible to the thermal 
fatigue failure. However, in contrast to this study, Jung et al [1] found that larger 
stress/strain was associated with the joint closest to the edge of the silicon chip. They also 
pointed out that a longer fatigue life could be associated a larger plastic strain. The study 
of Ghaffarian and Kim [4] on 63Sn-37Pb BGA solder joint under –55oC-125oC thermal 
cycle indicated that the failure mechanism was associated with the nucleation of void in 
the solder alloy near the interface between substrate and solder joint. Recent studies on 
ductile fracture of metallic materials indicated that constraint (stress triaxiality) played a 
very important role in void nucleation and growth [6-7, 14]. Huang et al [15] pointed out 
that the high hydrostatic tension stress due to constraint and thermal mismatching and 
voiding could be identified as the failure mechanism in an electronic package. The rapid 
nucleation and growth of voids was called cavitation instability and it could lead to the 
failure of ductile components in electronic packages such as metallization. Fig. 7 shows 
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the ration of σm/σeq (stress triaxiality) in the EL4291 and EL4700, where σm is mean 
stress and σeq is the Mises equivalent stress. It can be seen that the mean tension is 
developed at low temperature regimes during the temperature cycle. A higher σm/σeq is 
observed in the EL4700 as compared to EL4291. According to Huang’s work, the value 
of σm/σeq in Fig. 7 is large enough to promote the growth of voids if the initial void 
volume fraction is about 0.01. There is no significant difference in the σm/σeq for both 
the 60Sn40Pb and the 96.5Sn3.5Ag. Therefore, voids are expected to nucleate from the 
corner of the joint closest to the edge of the silicon die. Lemaitre [16] proposed a concept 
of damage equivalent stress ( Dtσ ) to describe the failure behavior of metallic materials. 
The damage equivalent stress is related to the stress triaxiality by 
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Rv is a function of stress triaxiality σm/σeq and can be expressed as 
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where ν is the Poisson’s ratio. Because σeq is dependent with environmental temperature 
it is difficult to compare the Dtσ  at different temperatures. A temperature independent 
damage stress σD can be obtained by normalizing the Dtσ with temperature dependent 
yield stress [17], i.e.,    
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D σσσ = .                                                                   (5) 
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Here σD is referred as relative damage stress. Fig. 8 shows the variation of Dσ  during the 
temperature cycle in the EL4291 and EL4700. The Dσ in the EL4700 is higher than that 
in the EL4291 at all temperatures for both the 60Sn40Pb and 96.5Sn3.5Pb alloys. 
Therefore, failure is expected to start from EL4700 if cavitation instability controls the 
failure of these solder alloys. In comparison to σm/σeq (Fig. 7), Dσ  is less sensitive to the 
temperature. Nevertheless, further experimental investigation on the failure mechanism 
of solder joints in BGA packages is much needed.  
 
3.2 Effects of constraint on PCB  
 
 
As mentioned in 2.4, two different boundary conditions were applied to the PCB board in 
the finite element simulation for the 60Sn40Pb alloy. One allows the PCB to deform in 
both vertical (Y) and horizontal (X) directions and another restricts the displacement of 
the PCB in (Y) direction. For simplicity, we refer these two boundary conditions as EC 
and BC, respectively. Fig. 9 shows the variation of σm/σeq under the EC and BC 
conditions. A slightly higher σm/σeq is observed in the EL4700 under the BC condition. It 
is due to the high constraint applied on the PCB as it can only deform along horizontal 
(X) direction. The boundary conditions seem to have a little effect on the σm/σeq in the 
EL4291. This may be attributed to the low level of σm/σeq developed in EL4291, as 
shown in Fig. 7(a). Fig. 10 gives the evolution of relative damage stress Dσ  in both the 
EL4291 and EL4700. Similarly, a slightly increase in Dσ  is obtained for the EL4700 
under the BC condition. Therefore, it is expected that the constraint conditions on the 
PCB have a minor effect on the failure of solder joint in the BGA package, especially for 
the joints close to the package center, such as EL4291. 
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3.3 Effect of stiffness of substrate material 
 
 
Mercado et al [18] showed that a thicker substrate could increase the stiffness of the 
package and resulted in a longer fatigue life of solder joints in several flip-chip PBGA. 
However, opposite trend was also observed in their study for FSRAM package. In this 
study, the Young’s modulus of the substrate was changed in the range of 10~30 GPa to 
investigate the effect of substrate stiffness on the deformation of the 60Sn40Pb solder 
joints. Fig. 11 shows the variation of inelastic strain during the temperature cycle. There 
is a slight increase of the inelastic strain with the Young’s modulus for both the EL4291 
and EL4700. The distribution of opening stress (σ22) is shown in Fig. 12. For EL4291, 
the σ22 decreases slightly with increase of the Young’s modulus of the substrate. On the 
other hand, there is a slight increase of σ22 in EL4700 with the increase of Young’s 
modulus of the substrate. Fig. 13 shows the change of relative damage stress Dσ  during 
the temperature cycle corresponding to various Young’s modulus (E) of the substrate. It 
can be seen that the Dσ does not change much when E varies from 10 to 30 GPa in spite 
of the data scatter. Therefore, the relative damage stress in the solder joints is not 
sensitive to the Young’s modulus of the substrate.  
  
4. Conclusions 
 
 
In this study, non-linear finite element analyses were carried out for a BGA package with 
different solder alloys. The effects of stiffness of substrate material and constraint 
condition applied on the PCB on the evolution of various mechanical parameters were 
also investigated. The simulations supported the following conclusions. 
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1. The results indicated that high inelastic strain was developed in the joints close to the 
package center. On the other hand, high constraint and relative damage stress were 
associated with the joint closest to the edge of the silicon chip. Therefore, the joint 
closest to the edge of the silicon chip was regarded as the most susceptible failure site 
if cavitation instability is the dominant failure mechanism. 
2. The 96.5Sn3.5Ag has a higher inelastic strain and inelastic strain energy than the 
60Sn40Pb alloy under the temperature cycle from –55oC to 125oC. 
3. Increase the external constraint on the print circuit board (PCB) has a little effect on 
the stress-strain distributions in the joint near to centre of the package but causes a 
slight increase in stress triaxiality (σm/σeq) and relative damage stress in the joint 
closest to the edge of silicon die.  
4. There is an increase of inelastic strain in the solder joints with increasing the Young’s 
modulus of the substrate. The relative damage stress is not sensitive to the Young’s 
modulus of substrate.  
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Captions of figures 
 
Fig. 1 Schematic of the BGA assembly in diagonal direction  
Fig. 2 Temperature cycles of –55oC to +125oC. 
Fig. 3 (a) Finite element model of the BGA, and (b) locations of elements 4291 and 4700 
in the solder joints.   
Fig. 4 Inelastic strain response in (a) EL4291, and (b) EL4700. 
Fig. 5 Inelastic strain energy density in (a) EL4291, and (b) EL4700. 
Fig. 6 Shear stress response in (a) EL4291, and (b) EL4700. 
Fig. 7 Stress triaxiality in (a) EL4291, and (b) EL4700. 
Fig. 8 Evolution of relative damage stress in (a) EL4291, and (b) EL4700. 
Fig. 9 Effect of external constraint on PCB on stress triaxiality in (a) EL4291, and (b) 
EL4700. 
Fig. 10 Effect of external constraint on PCB on relative damage stress in (a) EL4291, and 
(b) EL4700. 
Fig. 11 Effect of elastic modulus of substrate on inelastic strain in (a) EL4291, and (b) 
EL4700. 
Fig. 12  Effect of elastic modulus of substrate on opening stress in (a) EL4291, and (b) 
EL4700. 
Fig. 13  Effect of elastic modulus of substrate on relative damage stress in (a) EL4291, 
and (b) EL4700. 
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Table 1. Materials properties of the BGA package 
 Silicon 
chip 
Molding 
compound 
BT 
substrate 
60Sn40pb 
alloy 
96.5Sn3.5Ag 
alloy 
PCB 
(FR-4) 
Young’s 
Modulus (GPa) 
131 16 20 (xz) 
8.78 (y) 
Temperature 
dependent 
Temperature 
dependent 
18.2 
Shear modulus 
(GPa) 
_ _ 16.4 (xy, yz) 
40 (xz) 
_ _ _ 
Poisson’s 
Ratio 
0.3 0.25 0.39 (xy, yz) 
0.11 (xz) 
0.4 0.33 0.25 
CTE (ppm/oC) 2.8 15 15 (xz) 
52 (y) 
21 21 15 
Dimension (mm) 10.5 width 
0.5 height 
24 width 
1.3 height 
27 width 
0.27 height 
0.71 diameter 
0.36 height 
0.71 diameter 
0.36 height 
29 width 
1.524 height 
 
 
 
